The mesoporous titanium vanadium nitride (TiVN) powders were prepared by solgel method combined with ammonia reduction nitridation process. The obtained powders were non-stoichiometry TiVN solid solution phase with different valence of Ti and V ions as determined by X-ray diffraction and X-ray photoelectron spectroscopy. The energy dispersive X-ray spectroscopy results showed that the N, Ti and V elements were homogeneously distributed in the TiVN powders. Scanning electron micrographs revealed that the diameter of TiVN powders was in the range of 12¯m. It was found that the TiVN powders possessed BET surface area of 24.3 m 2 /g and average pore size of 19.8 nm. A maximum specific capacitance of 231 F/g was tested by Galvanostatic chargedischarge and retained 99.4% of initial capacitance after 2000 cycles. While the capacitance of TiN and VN powders were only 93 and 221 F/g. Cyclic voltammetry and Electrochemical impedance spectroscopy measurements were also performed. The intrinsic resistance of the mesoporous TiVN powders electrodes was 0.9 ³, which was smaller than that of the TiN (1.1 ³) and VN (1.1 ³). It indicated that the mesoporous TiVN powders with the uniform distribution of each element could also effectively improve the electrochemical properties of electrodes compared with TiN and VN powders.
Introduction
Supercapacitors have attracted tremendous attention over the past decades owning to their high power density and long cycle life for applications in back-up power sources and electrical vehicles. 1)4) The performance of supercapacitors depends largely on the electrode materials. 5) Thus, many considerable efforts have been focused on developing new electrode materials. 3) Transition metal nitrides are the promising candidates for high performance supercapacitor electrode materials due to their superior chemical resistance and electrical conductivity. 6)10) For example, titanium nitride (TiN) has attracted considerable attention for its interesting properties of good chemical stability and high electrical conductivity. 11)13) The morphology control of electrode materials is the key factor in enhancing the electrochemical properties of supercapacitors. For instance, the mesoporous powders could decrease ion diffusion lengths and provide highly electroactive regions because of their unique dimensional structure and high surface/volume ratio. 14) 17) Therefore, the mesoporous TiN spheres with high capacitance of 144.0 F/g had been prepared via a facile template-free strategy. 18) Wang Hong Yan et al. also synthesized mesoporous TiN nanoparticles with the capacitance of 102.6 F/g and remained 92% after 5000 cycles. 19) In addition, the composites could combine the advantages of materials to improve the specific capacitance and energy density of supercapacitors. 14) Vanadium nitride (VN) showed high electrical conductivity (1.67 © 10 6 S/cm) and specific capacitance of 1340 F/g. 20) , 21) It could assume that the combination of VN and TiN would result in composite dual nitrides with excellent performance. 22 )24) Zhou Xin Hong et al. prepared TiN/VN fibers with core shell structure by the coaxial electrospinning and reduction nitridation process for supercapacitor applications. It showed high capacitance of 168 F/g at current density of 10 A/g. 8) In 2011, Dong Shanmu et al. prepared TiN/VN coreshell particles by coating of TiN nanoparticles with V 2 O 5 ·nH 2 O sols followed and reduction nitridation process. The high specific capacitance of 170 F/g was obtained when the scan rate was 2 mV/s. 23) In 2018, Li Qiulong et al. 24) prepared TiN@VN nanowires on carbon nanotube fibers by hydrothermal synthesis and nitrogenization treatment in ammonia/argon. It showed high specifc capacitances of 1255.2 mF/cm 2 .
Beside the TiN/VN composite materials with the core shell structure, it may also provide the advantages with both faster electronic transportation and excellent storage performance if TiN and VN uniformly dispersed in the mesoporous particles. Meanwhile it could also simplify the preparation process. 25) In 2017, Thampi et al. prepared titanium vanadium nitride thin films on stainless steel substrates by a pulsed DC magnetron sputtering technique. 22) The synergistic integration of two elements distributed uniformly can improve capacitance value upto 67 F/g.
Herein, we report a facile strategy on synthesis of mesoporous TiVN powders by solgel method with ammonia nitrogen reduction process. The influence of composition and pore structure of TiVN composite powders for electrochemical performance was investigated in detail.
Experimental

Materials and methods
The following reactants were used for the synthesis of mesoporous TiVN powders: titanium tetrachloride [TiCl 4 , Analytical purity (AR)] as a titanium resource, vanadium acetylacetonate (C 10 H 14 O 5 V, AR) as a vanadium resource, Polyoxyethylene-polyoxypropylene-polyoxyethylene (P123) as a surfactant, anhydrous ethanol (C 2 H 5 OH, AR) as an oxygen donor and dichloromethane (CH 2 Cl 2 , AR) as a solvent. All chemicals were used as received without further purification.
Mesoporous TiVN powders were prepared by solgel method with ammonia nitrogen reduction process. In a typical procedure, 8.8 mL TiCl 4 and 0.02 g C 10 H 14 O 5 V were mixed with 30 mL CH 2 Cl 2 and 1g P123 dissolved in 9.3 mL absolute ethanol, and the reactants were mixed slowly. Then, the mixture was magnetically stirred for 2 h to get a precursor solution. The obtained solution was transferred into Teflon-lined autoclave, which was insulated at 110°C for 38 h. Then the gel was washed with CH 2 Cl 2 for three times in turn. The precursor gel was calcined at 400°C in air for 30 min with a heating rate of 1°C/min. 1 g of the calcined powders and 0.7 g of cyanamide (NH 2 CN, AR, Aldrich) were dispersed in 15 mL anhydrous ethanol and the mixture was magnetically stirred for 2 h. After draining the supernatant, the resulted composites were dried at 80°C for 24 h. Subsequently, the powders was reduced by NH 3 at 800°C for 2 h at a slow heating rate (room temperature to 600°C, 5°C/min and 600 to 800°C, 1°C/min) to obtain mesoporous powders. The reduction nitridation process was as follows: the furnace was flushed with N 2 gas at a flow rate of 100 mL/min for 50 min to remove O 2 at room temperature. The N 2 gas was then replaced with NH 3 gas. The flow rate of NH 3 gas was kept at about 400 mL/min at 300500°C. When the temperature reached 500°C, the flow rate of NH 3 gas was adjusted to 800 mL/min. When the temperature reached 800°C, the powders were held at that temperature for 2 h. During the furnace cool down, the same nitridation gas flow rate procedure was applied with a corresponding elevating temperature process.
For a fair comparison, pure TiN powder was also obtained by the same procedure without the addition of vanadium acetylacetonate. To obtain VN powders, 0.46 g C 10 H 14 O 5 V and 0.45 g polyvinylpyrrolidone (Mw = 1,300,000) were dissolved in 96 mL ethanol and put them into oil bath heatting to 140°C. We took it out after 1.5 h and dried it off at 80°C. V 2 O 5 powders were obtained when it was calcined at 500°C in air for 1 h. The pure VN powders were also obtained by the same nitridation procedure as the mesoporous TiVN powder prepared.
Characterization and measurements
The crystallinity and purity of the as-prepared sample was examined by X-ray powder diffraction (XRD), which was performed on a D/MAX2500PC diffractometer advanced X-ray powder with Cu-Ka radiation. The Xray photoelectron spectroscopy (XPS, PHI 5000C ESCA System) measurement was performed using an Al/Mg target as an excitation source at a base pressure of 5 © 10 ¹8 Pa and a high voltage of 14.0 kV. The binding energy for each component was calibrated by using the containment carbon (C 1s = 284.6 eV) as a reference. The data analysis was carried out using XPS Peak 4.1 provided by Raymund W. M. Kwok (Chinese University of Hongkong, China). The morphology and structure of the sample was further examined by scanning electron microscope (SEM, S-4800). The detection of element composition was performed on a Norn 7X energy dispersive X-ray spectroscopy (EDS). The specific surface area was measured by BrunauerEmmettTeller (BET) technique (NOVA2200e). BarrettJoynerHalenda (BJH) model was used for determining the pore diameter distribution of the synthesized TiVN powders.
Electrochemical characterizations
The mesoporous TiVN, TiN and VN powders were mixed with acetylene black and polyvinylidene fluoride with a mass ratio of 16:3:1 on a nickel substrate and dried at 80°C for 24 h. An electrode sheet with a diameter of 8 mm was prepared by pressing at 10 MPa. To improve the poor cycling stability of TiVN, neutral electrolyte was used to prevent the oxidation of TiVN. Type LIR2030 button supercapacitor consist of two electrodes of similar quality, 1 mol/L Na 2 SO 4 electrolyte, polypropylene diaphragm. The cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) measurements were carried out on a CHI 604E electrochemical working station (Shanghai Chenhua Instrument, Inc.). The Galvanostatic chargedischarge (GCD) performance of capacitor was investigated by LAND measurement. (LANHE CT2001A, Wuhan LAND Instrument, Inc.).
Results and discussion
The XRD patterns of the as-prepared powders were displayed in Fig. 1 . No peaks corresponding to titanium oxide or vanadium oxide were detected in the XRD patterns. The diffraction peaks of powders were between the diffraction peaks of cubic TiN (PDF#65-0565) and VN (PDF#65-7236), which indicated the formation of the overlapping of the diffraction peaks of TiN and VN. Therefore, the XRD lines of 111, 200 and 220 reflections were deconvoluted to TiN and VN by muti-peak Guassian fitting as shown in Fig. 1(b) . In addition, the lattice parameter (a) was determined using Bragg's law and the planespacing equation as below 26) 
The lattice parameter calculated from the 111, 200, 220, 311 and 222 reflections peaks were about 0.4181(1) nm, which was between the lattice parameter of TiN (PDF#65-0565, 0.4238 nm) and VN (PDF#65-7236, 0.4134 nm). TiN is a non-stoichiometric covalent compound having similar metal properties, in which there are both metal bonds and covalent bonds. 27) Refering to the ionic radius periodic table, the reduction of lattice parameters may be due to the replacement of larger Ti 3+ [ionic radius of Ti 3+ (rTi 3+ ) = 0.069 nm] with smaller V 3+ [(ionic radius of V 3+ (rV 3+ ) = 0.065 nm], which proved that TiVN solid solution was formed. 28) The crystal structure type of VN is the same with TiN and (rTi 3+ ¹ rV 3+ )/rTi 3+ < 15%, which conform to solid solution formation conditions.
The XPS spectroscopy, which was used to further investigate the surface characterization and chemical states of sample with both complete spectrum and narrow spectrum was shown in Fig. 2 . The peaks of O 1s, V 2p 3 , Ti 2p 3 and N 1s spectra were presented in Fig. 2(a) . It indicated that there were elements such as Ti, V, O, and N in TiVN powders. Fig. 2(b) showed typical XPS spectra of the V 2p 3) , Ti 2p 3 and N 1s in powders. According to the deconvolution results, the binding energies between 513 and 517 eV corresponded to the presence of V 2p 3/2 with binding energies 513.7, 515.4 and 516.6 eV, which corresponding to VN, V 3+ and V 4+ species. 5),29) These components were also resolved clearly in the V 2p 1/2 region with a total fractional amount of 34.2%. V 2p 3 tively. It may be indicated that redundant TiO 2 was not nitrided completely. 30),31) The N 1s spectra showed peaks at 396.0, 396.8, 397.6 and 399.2 eV corresponding to TiN, VN, TiNO and VON, respectively. The higher binding energy components were attributed to oxidation states of vanadium. The relative percentage composition of V 2p 3 and N 1s evaluated from higher curve-fitting spectra was presented in Tables 13.
The SEM image (Fig. 3) shows that the powders were agglomerated with particles. We can see a lot of mesopores on the surface of the particles with the size of about 16(5) nm, which was measured by using MB-Ruler software. And most of the particles were composed of aggregates formed with several grain. Measured with the same method, the diameter of particles was approximately 1.7(1) m while the grain size in the particles was about 110(3) nm. EDS mapping (Fig. 4) further confirmed that N, Ti and V distributed in the powders evenly, which indicated that part of VN and TiN form a solid solution and Ti, V and N elements were dispersed uniformly and homogeneously with each other. The element network between compounds may produce synergistic effects, thus improving electrochemical properties. The molar contents of V, Ti and N element were 21.0, 32.3 and 40.8%, respectively.
The N 2 adsorptiondesorption isotherms of TiVN powders was shown in Fig. 5(a) . The adsorption isotherm curves of powders increased slowly with increasing relative pressure (00.8). There was a sharp rise of adsorption isotherm curves when the relative pressure was more than 0.8, which indicating characteristics of mesoporous structure. And high nitrogen uptakes at relatively low pressures were the characteristic of mesopore behavior. 32) The small hysteresis curve in the desorption isothermal also represented the presence of pore structure in the powders. 33) When the relative pressure was close to 1, the slope of the hysteresis curve was bigger; the hole in the materials would be larger. The specific surface area of TiVN powders was 24.3 m 2 /g, and the average pore size of BJH with desorption measurement was observed to be 19.8 nm. Pore size distribution curve showed that there were more pores with diameters of 35 nm and 1040 nm in TiVN powders. Due to the irregular hole shape and direction deviation of measurement, there is a difference between the pore size from the SEM image and the result from BJH. And SEM images show partial powders with subjective picking, while BET results are more comprehensive. All these data clearly confirmed that the as-prepared TiVN powders possess a mesoporous structure. It might be favorable for enhancing the ion adsorption capacity and be beneficial to improve the specific capacitance. 8) The cyclic CV tests of materials at scan rates of 10 500 mV/s within the potential window of 00.8 V were shown in Figs. 6(a)6(c). It could be seen that the CV curve was approximated a rectangular mirror image, which was a reflection of an ideal capacitive behavior. In addition, both the respond current and the trend of polarization increased with the increasing of scan rates. Therefore, the electrochemical reaction mechanism of TiN and VN could be proposed as following: 34) ðTiNÞ surface þ Na þ þ e À ! ðTiN À Na þ Þ surface ð2Þ ðVNÞ surface þ Na þ þ e À ! ðVN À Na þ Þ surface ð3Þ Fig. 3 . The SEM graphs of TiVN powders.
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As shown in Fig. 6(d) , the capacitance retention of TiN, VN and TiVN powders were compared with equation:
where m is the mass of the active substance, V 1 and V 2 is the potential window, and I is the current. The specific capacitance ratio performance increased from 55 to 65% at the current density of 500 mV/s for TiVN powders. Since ions in the electrolyte have more time to enter the entire electrode to access the whole electrode at low scan rates, whereas with higher scan rate, less time is available for the diffusion of ions at the inner surface of the nanostructure. 35) More active substance was utilized for charge storage after compounding with VN. These results highlighted the suitability of TiVN powder for high-rate operation. Figures 7(a)7(c) depicted the chargedischarge behavior of the TiN, VN and TiVN electrode between 0 to 1 V at different current densities. It showed that the time span was inversely proportional to the current density and the curve shape had a great symmetry, indicating that the TiVN powder electrode has good nature of reversibility. Surprisingly, there is a sloped variation on charge discharge curve, which might arises from the surface redox reaction and significantly contributes to the total capacitance. 36),37) Capacitance of super capacitor from GCD test can be calculated by the below equation:
where C is the specific capacitance (F/g) of the electrode, I is the charge/discharge current (A), "t is the discharge time (s), ÁV is the potential window, and m is the mass of the composite electrode. The specific capacitance of the TiVN composite electrodes was calculated to be about 231 F/g at the current density of 50 mA/g. The specific capacitance decreased when the current density increased as shown in Fig. 7(d) . As the current densitie increasing, the specific capacitance of VN decreased rapidly although 
it was as high as 221 F/g at the current density of 50 mA/g. On the other hand, TiN has better performance with higher stability. The larger capacitance performance of TiVN electrodes could be the attribution of the synergistic effects of optimal higher storage from VN and faster electronic transportation from TiN. 38) Meanwhile, the mesoporous sturcture decreased ion diffusion lengths and provide highly electroactive regions for enhancing the ion adsorption capacity. They were beneficial to improve the specific capacitance.
In recent years, the TiVN composite has been reported as shown in the Table 4 , and it was seen that the electrode of mesoporous TiVN powders have good specific capacitance performance.
The resistance in EIS for TiVN, TiN and VN were performed in Fig. 8 . The Nyquist plots displayed horizontal axis intercept in the high-frequency range, compressed semicircles in the medium-frequency range and oblique line in the low-frequency range, which indicated the intrinsic resistance (R 1 ), charge-transfer resistance (R 2 ) and ion diffusion resistance (R W1 ), respectively. 39),40) From Fig. 8 , it can be seen that the radius of the semicircle at high frequency range of all curves were similar and they show the comparable charge-transfer resistance of 0.4 Journal of the Ceramic Society of Japan 127 [10] 728-735 2019 JCS-Japan 0.8 ³, which indicated that the polarization resistance of TiVN composite was relatively small. And due to the network-like mesopore structure provided effective ion transport channel, the intrinsic resistance of the TiVN powder were 0.9 ³, which was smaller than that of the TiN (1.1 ³) and VN (1.1 ³). At low frequency region the imaginary part of the impedance curves for TiVN was between TiN and VN, which due to the partial oxidation of active nitride material. 41) The energy density and power density were revealed in Fig. 9 , which could be calculated based on the flowing equations: 42) 
where C is the specific capacitance (F/g) of the electrode, E is energy density (Wh/kg), t is the discharge time of supercapacitor and P is power density (kW/kg Cycling stability is one of the most important issues concerned for electrochemical capacitors. Due to the higher rate capability and capacitance of TiVN powders, cyclic tests of composites were performed at a scan rate of 50 mA/g and the results are shown in Fig. 10 . It can be seen that the TiVN electrode shows about 99.4% of retention compared with the initial capacitance after 2000 cycles, which was a slightly better than TiN (89.8%) and VN (79.2%). It manifests that TiVN composite powders have good electrochemical stability.
Conclusion
In summary, mesoporous TiVN powders have been synthesized by solgel method and reduction nitridation process. The Ti, V and N elements were dispersed in powders homogeneously and uniformly. Some mesopores with the size of about 12 nm were observed on TiVN powders. The synergistic effect of compounds and mesoporous structures of TiVN powders contributed to good electrochemical performance for the TiVN electrodes. The highest specific capacitance of 231 F/g was obtained by GCD when the current density was 50 mA/g. The capacity retention of TiVN electrodes was maintained at 99.4% after 2000 cycles. The internal resistance was only 0.9 ³. It suggested that mesoporous TiVN powders could be used as an alternative electrode for high-performance supercapacitor applications in high power devices. 
